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Abstract: Monaural envelope correlation perception is the ability to
discriminate between stimuli composed of two or more bands of noise
based on envelope correlation. Sensitivity decreases as stimulus
bandwidth is reduced below 100 Hz. The present study manipulated stim-
ulus bandwidth (25–100 Hz) and duration (25–800 ms) to evaluate
whether performance of highly trained listeners is limited by the number of
inherent modulation periods in each presentation. Stimuli were two bands
of noise, separated by a 500-Hz gap centered on 2250 Hz. Performance
improved reliably with increasing numbers of envelope modulation
periods, although there were substantial individual differences.
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1. Introduction
Monaural envelope correlation perception (MECP) is the ability to discriminate
between stimuli based on the correlation of temporal envelopes between two or more
bands of noise that are separated in frequency (Richards, 1987). Sensitivity to envelope
correlation and the subjective cue used to discriminate correlated vs random bands is
reported to be similar whether two bands are presented monaurally or to opposite
ears, indicating that MECP probably does not depend on beating between bands
(Richards, 1988, 1989; Buss et al., 2013). Recently Buss et al. (2013) demonstrated
above-chance MECP for pairs of bands ranging from 25 to 1600 Hz wide; in all condi-
tions, the two bands were separated by a 500-Hz gap centered on 2250 Hz. The best
performance was seen for bandwidths of 100–400 Hz, with reduced sensitivity for both
narrower and wider bandwidths. Buss et al. (2013) discussed several factors that could
explain the results of MECP for wide bands (>400 Hz), including a possible role of pe-
ripheral auditory filtering and combination of information across filters. The present
report focuses on MECP for narrow bands (100 Hz), for which each band falls within
a single auditory filter.
Moore and Emmerich (1990) proposed that decreasing stimulus bandwidth
below 100 Hz in the MECP paradigm could degrade performance by reducing the
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number of periods of inherent modulation available to the listener. That study meas-
ured MECP for two bandwidths (25 and 100 Hz) and two durations (100 and 500 ms).
Performance was best for the wide bandwidth and long duration, worst for the narrow
bandwidth and short duration, and intermediate for the two other combinations of du-





the effect of increasing bandwidth fell short of the predicted square root of n improve-
ment. Moore and Emmerich suggested that the more modest effect of bandwidth seen
in their data could reflect a reduced ability to utilize the higher rate envelope fluctua-
tions associated with the wider bandwidth (Viemeister, 1979).
One goal of the present experiment was to systematically evaluate the effects
of bandwidth and duration on MECP for sub-critical bands of noise. Since the enve-
lope modulation rate of noise is proportional to its bandwidth, the prediction was that
changing either the bandwidth or the duration by a factor of 2 should have similar
effects on performance, with the caveat that the effect of increasing bandwidth may be
somewhat limited by the ability to make use of rapid envelope fluctuations. A second-
ary goal of this experiment was to evaluate the consistency of listener responses to par-
ticular stimulus samples. If listener responses to frozen noise are consistent, then it
may be possible to characterize the stimulus features, and possibly perceptual cues,
associated with easy vs difficult samples. In particular, for a fixed duration and band-
width, random samples of noise can have different numbers of inherent modulation
periods. If the number of modulation periods is an important stimulus feature for
MECP, then samples with more modulation periods should be associated with better
listener performance.
2. Methods
Stimuli were pairs of band-pass noise samples, each either 25-, 50-, or 100-Hz wide.
The low band had a fixed upper edge of 2000 Hz, and the high band had a fixed lower
edge of 2500 Hz, such that there was a 500-Hz gap between bands regardless of band-
width. Fully correlated bands were generated in the frequency domain, with the same
arrays of random draws defining the real and imaginary components for corresponding
bins in the low- and high-frequency bands. There were 100 sets of low- and high-
frequency bands with correlated envelopes at each bandwidth, each 820 ms in duration.
Stimuli presented to the listener were the sum of a low and a high band, drawn either
from a single set of bands (with fully correlated envelopes) or from different sets (with
random envelopes). Both bands were gated on at the beginning of the frozen samples
and gated off after the specified duration using 10-ms raised-cosine ramps. Stimulus
duration, measured from the 6-dB-down points, was 25, 50, 100, 200, 400, or 800 ms.
The overall level was 65 dB sound pressure level (SPL). In addition to the low and
high bands, there was a continuous low-pass noise to mask potential low-frequency
distortion cues (Buss et al., 2013). The low-pass noise was generated with a 6th order
Butterworth filter and a 1000-Hz cutoff, and it was presented at 65 dB SPL. All stimuli
were generated in MATLAB, loaded into a real-time processor (RP2, TDT), routed to a
headphone buffer (HB7, TDT), and presented to the listener’s left ear using circumau-
ral headphones (Sennheiser, HD 265 linear).
The task was a two-alternative forced choice. One interval, selected at ran-
dom, contained a pair of bands with fully correlated envelopes, and the other con-
tained randomly paired bands, for which the correlation could fall anywhere between
1 and 1. The correlated and random stimuli presented on each trial were randomly
selected without replacement. The listener’s task was to select the interval containing
the correlated bands. Onsets associated with the two intervals were separated by 1.2 s,
such that the inter-stimulus interval decreased with increasing stimulus duration.
Lights on a hand-held response box indicated listening intervals and provided correct-
answer feedback immediately following each listener response. Stimulus bandwidth
and duration were held constant within a block of 50 trials. Each listener completed
five such blocks (a total of 250 trials) in each condition. Data collection began with
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the widest (100-Hz) bandwidth, and progressed to narrower bandwidths. Within band-
widths, testing began with the longest (800-ms) duration, and progressed to shorter
durations. Testing for a particular bandwidth was discontinued if listener performance
fell at or below 55% correct. While this easy-to-hard test order could result in practice
effects, this possibility seems unlikely given that all listeners had extensive prior experi-
ence with this task.
After completing the first phase of data collection, additional data were
collected for the 100-Hz stimulus in order to assess listeners’ responses to particular
frozen noise samples. The stimulus duration used for each listener was associated with
75% correct in the first phase of data collection. The rationale for using individual-
ized durations was to ensure that listeners were neither at floor nor ceiling, such that
reliable differences in listener responses to particular stimuli could be observed. This
extended data collection used just the first 25 sets of frozen noise stimuli. In contrast
to the data collected up to this point, the association between correlated and random
bands within a trial was itself frozen. That is, each of the 25 correlated-envelope stim-
uli was associated with a single random-envelope stimulus; these stimuli were always
presented together within a trial, although the order of presentation within the trial
was random. Eliminating stimulus variability in this way was considered desirable in
the context of assessing the reliability and consistency of listener responses. Each block
of 50 trials included two presentations of each of the 25 pairs of correlated and ran-
dom stimuli, and listeners completed 10–20 blocks, depending on availability.
Five normal-hearing listeners were recruited, with thresholds in quiet of 20 dB
hearing level or better for octave frequencies between 250 and 8000 Hz (ANSI, 2010)
in the test ear. Their ages ranged from 35 to 63 years. All listeners had more than
200 h of psychoacoustic listening experience, including at least 15 h of exposure to
MECP stimuli. Listeners L1, L2, and L5 had previously participated in the MECP
study of Buss et al. (2013) (identified in that report as L4, L2, and L5, respectively).
3. Results
The left column of Fig. 1 shows percent correct plotted as a function of stimulus dura-
tion for each listener, with the more sensitive listeners at the top of the figure. Symbols
indicate the stimulus bandwidth, as defined in the legend. Listeners L4 and L5 were
highly variable and performed relatively poorly, failing to reach 95% correct in any
condition, despite 20 h or more of practice on various MECP conditions. The data of
listeners L2 and L3 were broadly similar to the expectation that performance should
improve with increasing number of modulation periods, either via increased bandwidth
or increased duration: for a given bandwidth, performance improved with increasing
duration, and performance tended to be better for the wider bandwidths. The results
of L1 are different from those of the other listeners. For this listener, effects of band-
width and duration were more modest. At the short durations, where L2 and L3 per-
formed at chance, L1 scored above 70% correct for all three bandwidths. Comparing
listeners at the duration associated with 80% correct for the 100-Hz bandwidth,
scores for L1 were limited to a range of just 7 percentage points across the three band-
widths, in contrast to the wider range of scores in the data of L2 and L3 (18 and 28
percentage points, respectively).
Comparisons between the present results and those of Buss et al. (2013) are
complicated somewhat by the fact that the previous study used a three-alternative
forced choice, whereas the present study used a two-alternative forced choice.
However, comparisons with previous data support the observation that L5 is less sensi-
tive to MECP than L1 and L2. For example, in the 100-Hz bandwidth conditions with
the low-pass noise in the previous experiment, scores for L1 and L2 differed by less
than one percentage point, whereas the score for L5 was 10 percentage points lower.
Data for L1 and L2 were comparable in the previous experiment.
The joint effects of bandwidth and duration were evaluated via data fits. For
each listener, the percent correct (PC) scores were expressed as a function of WD, the
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Fig. 1. (Color online) Percent correct is plotted for each listener, with symbol shape indicating stimulus band-
width (as defined in the legend). The left column shows results as a function of stimulus duration, and the right
column shows results as a function of 0.64WD, the expected number of envelope modulation periods per stimu-
lus. Individual listeners’ results are plotted in separate rows. Data were fitted with a multiple-look model,




and n is the expected number of periods of inherent modulation. Thick lines in the
right column indicate data fits, with shading showing the 95% confidence interval. The fitted parameter k reflects
each listener’s overall sensitivity to monaural envelope correlation.
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product of the spectral bandwidth of each band (W, in Hz) and the stimulus duration
(D, in sec), which is proportional to the expected number of envelope modulation peri-
ods. Apart from the direct current, the average envelope power spectrum of a bandpass
Gaussian noise falls linearly as a function of modulation rate, with a maximum rate
corresponding to the width of the band (Dau et al., 1999). The variable WD therefore
represents the maximum possible number of modulation periods in a particular sample;
the expected number of modulation periods is approximately 0.64WD (Rice, 1954). To
examine whether the joint effects of stimulus bandwidth and duration are due to
increased numbers of inherent modulation periods available to the listener, we fitted
(via maximum-likelihood algorithm) the PC scores using the following multiple-look
model:






where / denotes the cumulative-normal function, and d0 is the sensitivity index.
According to the multiple-look model (Green and Swets, 1966; Viemeister and
Wakefield, 1991), d0 is related to WD by





where k is the fitting parameter. The right column of panels in Fig. 1 shows listener
data, re-plotted as a function of 0.64WD, the expected number of envelope modulation
periods per stimulus, and the data fit (solid lines, red online). The shaded area around
each fit indicates the 95% confidence interval, derived from cumulative binomial prob-
ability functions, and values of k appear in the upper right of each panel. These fits
capture some of the trends in the data but miss others. For example, for small numbers
of modulation periods (<3.2), L1 performed better than predicted, whereas both L2
and L3 performed more poorly than predicted. In other words, the multiple-look
model over-predicted the rate at which PC improves with increasing WD for L1, but
under-predicted the rate of improvement for L2 and L3.
Listener responses in the extended data (not shown) indicate some reliable dif-
ferences in listener responses across samples within a bandwidth/duration condition.
The split half correlation, based on percent correct for each of the 25 correlated sam-
ples, was significant for all five listeners (a¼ 0.05), with values that ranged from
r¼ 0.44 (L5) to r¼ 0.95 (L2). That is, within a listener, responses differed reliably
across samples when both the correlated and random stimuli were frozen. Higher cor-
relations could reflect either lower levels of internal noise or greater stability in listener
strategy. There was also consistency between listeners. For example, L2 and L3 both
provided extended data for the 100-Hz, 100-ms stimulus, and the pattern of percent
correct by sample in these two sets of data was correlated at r¼ 0.79 (p< 0.001). This
high correlation suggests that the two listeners may have performed the task based on
the same perceptual cue. The correlation associated the 100-Hz, 200-ms data provided
by L3 and L4 was lower and non-significant (r¼ 0.29, p¼ 0.080).
The finding of consistent differences in listener responses to stimuli with a
common bandwidth and duration indicates that WD does not fully capture the stimu-
lus features underlying sensitivity to MECP, as WD is a single value for these stimuli.
The failure of WD to account for listener responses on a stimulus-by-stimulus basis is
not entirely surprising because the product of bandwidth and duration is proportional
to the average number of modulation periods, but there is variability in the actual
number of modulation periods across stimulus samples. An analysis was undertaken to
see if variation in the actual number of modulation periods in each frozen sample of
correlated noise within a bandwidth/duration condition was associated with listener
responses. The equivalent modulation rate for each of the 100-Hz-wide low-frequency
bands, including onset and offset ramps, was estimated by extracting the Hilbert enve-
lope. The Hilbert envelope was then transformed into the envelope-frequency domain,
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and the frequency associated with the midpoint in the cumulative power spectrum as a
function of rate was identified. This estimate of the equivalent modulation rate had a
mean of 59.9 Hz [standard deviation (s.d.)¼ 9.3 Hz] for the 100-ms stimuli, and a
mean of 65.3 Hz (s.d.¼ 6.9 Hz) for the 200-ms stimuli. However, these estimates of
equivalent modulation rate were only weakly correlated with the pattern of percent
correct across samples, transformed to rationalized arcsine units (Studebaker, 1985).
The correlation was significant for L2 (r¼ 0.44, p¼ 0.014, one tailed), but non-
significant for all the other listeners, with correlations ranging from r¼ 0.31 (L3) to
r¼0.03 (L5). Because the inherent envelope fluctuation rate is linearly related to the
number of modulation periods in each sample, the extended data provide only weak
support for the hypothesis that MECP is limited by the number of modulation periods
in the interval containing the correlated stimuli.
4. Discussion
The motivation for this experiment was to better understand why MECP becomes less
accurate as stimulus bandwidth is reduced below 100 Hz. The hypothesis was that the
limited number of envelope modulation periods available to the listener is responsible
for poor performance at narrow bandwidths, such that increasing either bandwidth or
duration by a constant factor has the same beneficial effect on performance. The data
roughly conform to this expectation.
While increasing bandwidth and/or duration improved performance, there
were extensive individual differences, even among this group of highly trained listeners.
Data for the two poorest performers were highly variable. Of the remaining three lis-
teners, data for two of them roughly conformed to the expected pattern of results,
based on the square root of the number of envelope periods; one caveat was poorer
than expected performance for stimuli with small numbers of envelope modulations.
The best performing listener showed very modest effects of changing either duration or
bandwidth, and was most sensitive to monaural envelope correlation overall.
Compared to the model fit and to performance of other listeners, this listener per-
formed particularly well for stimuli with small numbers of envelope modulation peri-
ods, even when stimuli contained fewer than one full modulation period.
Subjectively, L1 reported using different cues in different stimulus conditions.
For most conditions, where the duration was relatively long, he reported that the cue
associated with the correlated stimulus was roughness or a grinding quality. This cue
was reportedly also used by the other four listeners. At short durations, L1 reported
relying exclusively on a pitch cue. Such a cue might be related to differences in relative
levels for two bands of random noise. When the envelope modulation rate is slow rela-
tive to the stimulus duration, a random-band pair could be dominated by energy in
the low band or by energy in the high band. Under these conditions, one band might
dominate the pitch of the pair, or two pitches could be heard. In contrast, pairs of cor-
related bands are equal in level, so the pitch is likely to be relatively constant from
sample to sample. In the data of L1, the use of this pitch cue may be responsible for
the relatively modest effects of changing either the bandwidth or the duration.
Listener responses to particular noise samples within a bandwidth/duration
condition were relatively consistent across trials, accounting for as much as 90% of the
variance in listener response (L2). Responses were unrelated or weakly related to the
equivalent modulation rate (and therefore number of envelope fluctuation periods) of
each sample, accounting for only up to 19% of the variance in listener response (L2).
That is, for a particular bandwidth and duration, the number of modulation periods in
the correlated stimulus was not a strong predictor of performance, despite the fact that
WD was a fairly good predictor of performance across bandwidth and duration. It is
unclear how to interpret this result, but one possibility is that the method used to esti-
mate the mean equivalent modulation rate for each sample does not accurately reflect
the perceptually dominant envelope rate or salient envelope features. Another possibil-
ity is that features of the random stimuli could have played a dominant role in
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responses for the extended listening conditions, where correlated and random samples
were frozen within a trial. While additional analyses could shed light on the best way
to understand listener responses based on features of the frozen noise stimuli, enthusi-
asm for this approach was substantially reduced by the observation of marked individ-
ual differences between listeners.
Finally, although the general trends of the present dataset are consistent with
a multiple-look model, wherein the number of envelope modulation periods predicts
performance, it appears that this model does not capture all aspects of the data. While
the multiple-look model over-predicted performance of L2 and L3 for small numbers
of envelope periods, it under-predicted performance of L1 in these conditions.
Subjective reports corroborate the idea that listeners are using different cues.
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